In narrow operational window scenarios of the pre-salt layer, a proper control of slurry hydraulic behavior is a prime necessity. This work aims to present pressure drop experimental data obtained in pipe and annular flow of different cement slurries formulations. Data analysis includes evaluation of friction factor correlations, rheological analysis, and equivalent diameter considerations (for annular flow). The set of equations proposed was, then, used to simulate well-cementing operations and compared to real field data. Improved predictions supported the adoption of the proposed methodology in the cementing design software used by a major operator in Brazil.
INTRODUCTION
In the well construction process, cementing is one important operation. This importance is due mainly to the zonal isolation provided by it. This zonal isolation enables the oil well integrity to be established by preventing fluid migration into the annular region. Moreover, cementing operation keeps the mechanical stability of wells, holds the casing in place, and protects the casing from corrosive formation fluids (Miranda, 2008).
There are two basic cementing processes: primary and squeeze cementing. The former is a process whereby the cement slurry is pumped downhole through the inner side of the casing column, and, then, through the annular region. This region is formed by the rock and the outer surface of the casing column. The latter is a process that, among many purposes, repairs a primary cementing job that had failed (Nelson, 1990 ).
To perform well primary cementing and avoid accidents, some issues must be taken into account. One of them is the downhole pressure control. Pressure drop prediction for cement slurry flow is one of the factors that contribute to this control. In conventional operations, the fluid pumping pressure should be maintained between pore pressure and fracture pressure to prevent an unwanted influx of formation fluids into the wellbore, causing kicks or even blowouts (Lake & Mitchel, 2006; Nelson, 1990) . In this context, the influence of hydrostatic pressure and friction loss on predicting pumping pressure is different for each kind of oil well for vertical or deviated wells. When cementing on a deviated and extendedreach well (ERW), the hydrostatic pressure is lower than on a vertical one of the same length. This makes the friction loss more important and its prediction even more essential.
This work focuses on the evaluation of relevant equations to predict pressure drop, such as: friction factor correlations, hydraulic diameter, and rheological models. It evaluates two different cement slurry formulations with different densities. To predict pressure losses in primary cementing processes correctly, a fluid flow loop was designed with a real oil well dynamic similarity. The flow loop was able to provide experimental data regarding the pressure drop and flow rate in the circular and annular regions. The goal of this research is to evaluate the relevant correlations, abovementioned, to predict pressure drop by using the data achieved in the experiments. The correlations evaluated in the laboratory were the rheological models, the friction factor, and the hydraulic diameter. We also validated those correlations using a set of simulated and real oil well experimental data. The simulated data were compared with two real cases; case study 1 from an onshore real deviated and extended-reach well, ERW; and a case study 2 from Campos Basin well in a narrow operational window system.
The experimental results were analyzed applying the set of equations evaluated in a real simulator. The simulated results were compared with actual data obtained during the drilling of oil wells in Brazil. Bourgoyne et al. (1991) reported that the rheological models used in the drilling and cementing processes may be fitted by the Bingham model (Equation 1) and the power law model (Equation 2). These models are also the most commonly used in cementing, according to Nelson (1990) .
THEORY

Rheological models
In addition, the Herschel-Buckley model, given by Eq. 3, accounts for the characteristics of both Herschel-Buckley and Power Law models. 
Friction factor
The experimental Fanning friction factor can be determined with Eq. 4, which is obtained by replacing the pressure loss equation in the modified Bernoulli equation.
Nelson (1990) provided, for non-Newtonian fluids, the friction factor equations, in laminar flow, developed for specific rheological models ( 
EXPERIMENTAL DESCRIPTION
Experimental Apparatus
The experimental apparatus flow loop shown in Fig. 1 consisted of a system operating in a closed circuit. Paraiso (2011) provided the specific characteristics of this system. The experimental sections were composed of a circular tube 1" in diameter and two concentric annular with the following outer to inner diameter ratios: Annular 1 (1 ½" -1") and Annular 2 (1 ¼" -3/4"). Differential pressure, mass flow, temperature, and density of the slurries were measured.
Analyzed fluids
Two cement slurries composed of a mixture consisting of G-class cement were evaluated: fresh water and additives (mid-temperature retarder and antifoam agent). Silica (325 mesh) was further added to Slurry 2.
Experimental procedure
The fluids of interest were pumped through the test section varying flow rate. Pressure drop was measured in real time. Also, during pressure drop tests, rheological data were obtained in a laboratory FANN 35A viscometer, which evaluates viscosity at six pre-determined shear rates. Characteristics of the fluids and of the ducts studied are summarized in Table 1 . The percentage of each component is not indicated due to industrial secrecy.
DATA AND RESULTS
Evaluation of rheological behaviour
During the flow test the rheological data were analyzed and the average values are presented in Table 2 . The correlation coefficients (R²) are used in the analysis of model adequacy. As expected, the Herschel-Buckley model showed the best correlation coefficient. For analyzed cement slurries, the Bingham model also showed good correlation.
Evaluation of hydraulic diameter correlations
To evaluate hydraulic diameter correlations, data of experimental and theoretical pressure loss versus flow rate were used. These data were obtained based on the flow of cement slurries in laminar regime. To illustrate the evaluation, results obtained for Annular 1 are shown in Fig. 2 , using the Herschel-Buckley model and the experimental data flow, Slurry 2. Fig. 2 shows that DH 2 correlation (hydraulic radius) was the one closest to the experimental results for Cement Slurry 2 using the HerschelBuckley model. For the two slurries studied and still using the Bingham and power law models, the same behaviour analysis was performed also in the other annular. The average absolute percentage Fig. 3 shows a comparison between the experimental data and the one performed with the friction factor correlation. Looking at Fig. 3 , one can see that, when using the Herschel-Buckley model, a satisfactory estimate was obtained for the friction factor in turbulent flow, using DH 2 (hydraulic radius) combined with the Ellis and George (1977) correlation. The same graphic analysis was performed for the other annular and circular ducts at 15, 25, and 60 °C still using the Bingham and the Power law models for the two slurries studied. The average absolute percentage errors of friction factor correlations are shown in Tables 4 and 5 . In these tables, the absolute percentage errors of less than 25 % are highlighted. The Bingham and Herschel-Buckley models showed similar results. In laminar flow, using the DH 2 correlation yielded a good prediction of the friction factor in the circular duct as well as, virtually, in every annular. For the turbulent flow, the Ellis and George (1977) correlation, associated with the DH 2 correlation, showed good results in both annular and circular ducts.
Evaluation of friction factor correlations
Using the power law model, a satisfactory estimate was achieved for the friction factor in laminar flow in circular and annular ducts (using DH 1 correlation). 
Impact on wellbore pressure predictions (case studies)
The goal of this section is to illustrate the impacts of the analyzed set of correlations on pumping pressure in the evaluated systems. The effects of the rheological models on the pumping pressure were evaluated using the validated 
Case study 1 -ERW well
This work compared the simulated results for pumping pressure of an onshore real deviated and extended-reach well (ERW) located in the state of Bahia (Brazil). The cemented stage is 800-m deep. The casing has 7 inch of outer diameter and 6.3 inch of inner diameter. Because of well deviation, the frictional pressure loss is more evident than in a vertical well, having both the same length. This effect can be explained by the minimization of the hydrostatic pressure in deviated wells. In Table 6 it is possible to monitor the residence time of each fluid in the wellbore, as well as the volume and the average injection flow rate. Rheological parameters of the fluids used during well cementing are shown in Table 7 . Fig. 4 presents the simulated cemented phase at 800 m from the beginning of the drilled well whereas Fig. 5 shows the whole trajectory of the deviated well. Fig. 6 displays comparative results between simulated pumping pressures using different rheological models for cement slurry. All results are for laminar flow using the correspondent friction factor correlations chosen in the previous section.
All rheological models were evaluated in the calculation of pressure drop in the set of fluid flow fed into the well. Fig. 6 shows that the system showed no sensitivity to the rheological models until 114.5 min, as shown in Table 6 . By that time, the volume of slurry inside the column prevailed on the system. In Fig. 6 , the blue curve corresponds to the flow rate and the green curve to the pressure drop. Note that the green curve overlaps the other curves corresponding to each rheological model.
After 114.5 min, due to the effect of cement slurry in the pressure drop curves (see Fig. 6 ), there is a discrimination between models if compared to experimental data. For this reason, it becomes clear how the rheological model can affects the simulated results.
In that case, one can observe that the effect of pressure drop due to cement slurries becomes more relevant when both slurries have their injection process in the completed wellbore (as shown in Table 6 , about 114.5 min). The effect of replacing equations set generates an average discrimination in simulated pressures around 12 and 5 % for the Bingham and Power law models compared with the Herschel-Buckley.
Despite this disparity between the simulated and measured pressures, the average absolute percentage errors were 9.4, 8.6, and 11.0 % for the Herschel-Buckley, Power Law, and Bingham | v. 11 n. 2 | p. 049-062 | 2017 | ISSN 1982-0593 models, respectively. The percentage errors obtained were relatively equivalent due to intense variation of the real field data. The hydrostatic pressure generated by the displacement fluid was the factor that compromised the evaluation before 114.5 min. The high pumping pressure of this fluid minimizes the impact of replacing the rheological models over the global pressure drop of the system.
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Case study 2 -Campos basin wellnarrow operational window
In this second case study, the data are from deep water well with a narrow operational window located in the Campos Basin, Brazil. Table 8 shows the pumping sequence of each fluid in the wellbore, as well as the volume and the average injection flow rate, see Fig. 7 . The rheological parameters of the fluids during well cementing operation are shown in Table 9 .
Data on well trajectory and geometry are presented in Figs. 7 and 8. Figure 7 shows the drilling fluid followed by the washer, then, followed by the spacer, followed by the cement slurry, and, finally, by the injection of the displacement fluid. Fig. 8 shows the whole trajectory of the well. displays comparative results between simulated and measured pumping pressures. In this case, the Herschel-Buckley model was used to simulate the pumping pressure of the cement slurry. Although the Power law model has presented the lowest error in the first case study, the Herschel-Buckley one was chosen because it showed good results in both experimental and simulated investigations for Case Study 1.
The analysis of Fig. 9 shows that there is a small deviation between experimental and simulated pumping pressure data with a mean absolute error of 13 %. Therefore, one can conclude that the set of equations evaluated and applied in the simulator was effective in predicting pressure drop. The good application results of the Herschel-Bulkley model agree with the experimental evaluations presented in this paper.
CONCLUSIONS
Based on the cement slurries analyzed, the Herschel-Buckley model was, in all cases, the one that best fitted the rheological data. In the set of rheological data for the cement slurries, the second best option appears to be the Bingham model. In the analysis of hydraulic diameter correlations, DH 2 showed the best results for the cement slurries, using the Bingham and Herschel-Buckley models. In evaluating the friction factor correlations for the cement slurries in the laminar regime, there was a good prediction in the circular and annular duct using DH 2 and the Bingham and Herschel-Buckley models. For the turbulent flow, the Ellis and George (1977) correlation associated with DH 2 , showed good results in both annular and circular ducts.
The results were validated in two case studies. In Case Study 1, which involves the simulation results of pumping pressure of an onshore real deviated and extended-reach well, the simulation results showed that the effect of the proposed set of equation generated a small average of standard deviation in simulated pressures. Although deviation from the predicted pressures was detected, the percentage errors were equivalent. This similarity is due to large variations in the real field data used. Furthermore, the high pumping pressure generated by the displacement fluid minimized the impact of the rheological model replacement over the global pressure drop of the system. Case Study 2 involves the simulation of a pumping sequence of many fluids in the wellbore as well as the volume and the average injection flow rate in deep water well with a narrow operational window. The results for Case 2 proved that the equations recommended can predict pressure drop satisfactorily. This outcome is not only for cement slurry but also for other pumped fluids, corroborating operational success in cementing in areas with narrow operational windows. The simulation results showed that the rheological model and friction factor affect pressure drop calculations.
